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1.0  INTRODUCTION 


Conventional  polarizer  attenuators  have  boon  used  since  at  least  the  1920s.  The 
transmittance  of  the  two-stage  polarizer  attenuator,  where  one  polarizer  is  fixed  and  the 
other  erne  is  rotated,  is  known  as  Marius'  law: 

TiS)/Tl 0)  «(C0S*)a 

where  T(8)  m  the  transmittance  ot  the  two  polarizers  and  6  is  the  angle  enclosed  by 
the  principal  transmittance  axes.  This  device  was  unreiable  if  the  source  was  partially 
polarized  or  the  sensiov«y  of  the  detectors  varied  «*h  the  angle  of  polarization 
(Ref  i)  Dowei  developed  the  three-stage  polarizer  aeanuaior  which  overcame  the 
detects  tn  the  two-stage  — anuator  (Ref  2).  m  Dowers  method  the  first  and  last 
polarizers  were  stationary  with  their  opec  axes  perfei  and  the  middte  polarizer  was 
rotated.  Tha  three-stage  polarizer  soar*— or  transrraaed  an  intensity  governed  by  e 
coe4  tetetKtesMp. 


rift/noi  •  (coen4 


To  obtain  accurate  measurements,  the  sxsncaon  r*a os  of  the  polenzers  end  the 
frrefringence  of  the  mddte  potenxer  must  be  known  and  accounted  tor  when  the 
attenuator  •  castrated  m  genera*.  tha  oonvanaonel  thrse-potamar  attenuators 
uttiUsng  Mm  potertxars  wane  I  meed  to  0  00i  tranemoanoe  unes  (Ref  i) 


Several  drier  tot  types  of  potemert  have  been  used  «r»  the  tfvae-siage  attenuators 
Bennett  used  theet  Poterod  mounted  between  d— orsorttees  glees  ptetes  and 
determined  photometric  tnearity  to  better  than  0  i  percent  (Ret  3)  fetern  end 
icherte  dbtcueeed  system— c  errors  due  to  —periteceons  m  sheet  polenzers.  setting 
and  alignment  errors,  and  modem  beam  modenea  angle  end  potenz— on  They 
concluded  that  the  accuracy  ot  twee  potenter  Mm  anem-or*  *»  fcmeed  to  0  001 
transmittance  una  largely  because  oi  9m  untmown  bxeinngenoe  o*  the  middte 
poterizer  messed  may  employed  ether  e  te»  «sw  or  •  Quarter  wave  retardaeon 


(«ef  t) 

hoterizetlon  prtente  would  siao  evod  ihe  draemgancte  probtem  Mtetenz  and  Edkerte 
dd  not  pursue  the  use  of  pname  became  of  poterdeby  eenous  system— c  errors 
caused  by  fhe*r  sm—  fete  engtea  and  because  he  accurate  meeeuroment  of  the  high 
ewtfncti on  ratios  g#  good  potedters  wee  d— c—  (Ret  i)  Bennett  tested,  but  dd  not 
use  e  good  Qten- Thompson  prtsm  that  da  i  fused  the  beam  by  tees  than  i  mm  of  ere 
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and  was  a  high  schKeren  quality  caldte,  because  the  intensity  variation  was  not 
symmetric  in  the  four  quadrants.  He  suggested  that  a  prism-type  polarizer  with 
adequate  performance  would  have  the  advantage  of  a  wider,  more  useful  spectral 
range  than  was  possible  with  sheet  polarizers  (Ref.  3). 

The  current  work  was  based  on  the  same  concept  and  used  specially  selected  high 
quality  optical  Glan-Thompson  prisms,  extremely  precise  automated  stages,  and  a 
combination  of  optical  density  filters  with  a  lock-in  amplifier,  to  obtain  accurate 
measurements  and  to  determine  the  feasibility  of  using  a  three-stage  polarizer 
attenuator  with  laser  beams  in  and  near  the  visible  range.  This  device  should  be 
effective  for  independently  calibrating  experimental  signals  and  transmittance  of 
neutral  density  filters  over  a  wavelength  range  from  350  to  2500  nm  and  over  an 
optical  density  range  of  rune  orders  of  magnitude. 
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2,0  EXPERIMENTAL  ARRANGEMENT 

21  ATTENUATOR  PES.1QN 

The  three-stage  attenuator  was  comprised  of  specially  selected  high  quality  optical 
Glart-Thompson  prisms  manufactured  by  Karl  Lambrecht  Corporation  (MGT25E 10-90), 
Chicago,  Illinois.  The  calcite  prisms  are  glued  at  the  interface.  The  optical  glue  limited 
the  capability  of  the  attenuator  at  the  ultraviolet  end  of  the  spectral  range,  but  it  also 
provided  better  maximum  attenuation.  The  prisms  were  selected  so  that  one  crossed 
pair  would  have  an  attenuation  equal  to  or  greater  than  106.1.  The  prisms  had  a  wave¬ 
length  range  of  approximately  350  to  2500  nm  and  a  tolerance  on  maximum  beam 
deviation  of  approximately  6  arc  sec. 

The  prisms  were  each  mounted  in  precision  stages.  Two  of  the  stages,  manufactured 
by  Klinger  Scientific,  Garden  City,  New  York,  were  electronically  driven.  The  first  stage 
was  required  to  accurately  return  to  the  0-deg  position  and  to  have  a  repeatable  90-deg 
rotation.  These  criteria  were  easily  met  with  one  of  the  Klinger  stages.  The  require¬ 
ments  for  the  second  stage  (middle  polarizer)  were  the  most  stringent  since  this  stage 
was  the  only  one  which  would  rotate  after  the  attenuator  was  aligned.  This  stage  was 
responsible  for  determining  the  angle  mBT  with  great  accuracy.  Consequently,  the 
second  stage  consisted  of  a  Klinger  Scientific,  Garden  City,  New  York,  stage  and  an 
encoder.  The  encoder  on  the  middle  stage  was  accurate  to  approximately  1  arc  sec. 
The  third  stage  was  a  manual  stage  which  incorporated  both  fine  and  coarse  adjust¬ 
ments.  Figures  la.  1b,  and  1c  show  the  assembled  three-stage  polarizer  attenuator 
taken  from  the  top  (Fig.  la),  from  the  front  (Fig.  1b),  and  from  the  side  (Fig.  1c). 


(a).  Top  view. 

Figure  1.  Three-stage  polarizer  attenuator. 
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(c).  Front  view. 
Figure  1.  Concluded. 
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2.2  ALIGNMENT  OF  THE  ATTENUATOR 

The  alignment  for  the  stages  was  accomplished  mechanically  by  using  an  optical  post 
which  was  the  same  diameter  as  the  prisms.  The  post  was  inserted  through  the 
mounts  (where  the  prisms  would  be  mounted)  and  then  the  mounts  were  adjusted  and 
tightened  down.  The  post  was  removed. 

Each  prism  was  then  individually  mounted  in  each  stage  position  and  tested.  A  target 
was  placed  6  to  8  ft  away  from  the  attenuator  and  then  the  stage  was  rotated  through 
360  deg  to  ensure  that  the  laser  spot  remained  in  the  same  location  on  the  target.  All 
three  prisms  performed  properly. 

An  alignment  procedure  was  developed  which  ensured  the  first  and  third  polarizers 
had  their  optic  axes  in  parallel  positions  and  the  second  polarizer  reached  a  minimum 
transmittance  when  it  was  crossed  with  the  other  two  polarizers.  The  procedures 
used  are  described  below  and  depicted  in  Figure  2.  (Note:  Prism  1  is  mounted 
closest  to  the  laser  source,  prism  2  is  mounted  in  the  center  of  the  attenuator,  and 
prism  3  is  mounted  closest  to  the  detector.) 

Step  1 .  Set  all  of  the  mounts  to  their  0-deg  position  and  insert  all  the  prisms  in 
the  same  approximate  orientation. 

Step  2.  Set  prism  3  near  the  90-deg  or  null  position. 

Step  3.  Set  prism  2  so  that  prisms  1  and  2  are  exactly  90  deg  off  (cross 
polarized).  This  location  should  provide  an  exact  null  and  prism  2  will  be  in 
approximately  the  90-deg  position. 

Step  4.  Set  prism  1  in  the  same  position  as  prism  2. 

Step  5.  Return  prism  3  to  the  0-deg  position  and  adjust  it  until  an  exact  null  is 
reached  (prisms  2  and  3  are  crossed  polarizers).  Lock  prism  3  in  place. 

Step  6.  Return  prism  1  to  its  exact  original  position.  At  this  point,  prisms  1 
and  2  should  be  exactly  90  deg  offset  and  prisms  2  and  3  should  also  be  exactly  90 
deg  offset. 

Step  7.  Return  prism  2  to  its  0-deg  position.  The  attenuator  should  now  be 
set  for  maximum  transmission. 
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Figure  2.  Attenuation  alignment  procedures. 


2  3  EXPERIMENTAL  LAYOUT 

The  three-stage  attenuator  was  then  wm  m  m  ***********  ♦  mm- 

range  and  accuracy.  The  experimental  tcnawteate.  *  ******  *» 

The  laser  was  a  5-mW  helium-neon  laser  *m  *m  •>  *#>  ,m*m  **». 
expander.  A  quarter-wave  plate  was  po«*a» «we  hwh«w— ■  #*»  %*»*  *--  «  * 
attenuator.  Consequently,  a  monochrome  jm**mm**  w*»m  i  i  *»  ana*#*  -"h#**** 

source  was  normally  incident  upon  the  aawnuMiet'  *  <wmwi*  »•»«..  »**-. 

properly  position  the  light  tor  the  detector 

A  chopper  with  reflective  blades  was  uawe  m  mm#  mf  •*  *m  «m»  **«**<  » 
integrating  sphere  which  was  coup tee  to  a  tmtrn  net****  -**■  *«**•*■ 

input  laser  signal  and  was  read  on  me  oca  >n  ewewiw 

The  laser  light  then  entered  a  uhfcty  bo*  m  *  391  *0  *'■  0H  *■:/'#  -ay# 

in  its  walls  tor  both  the  incident  and  tv&metmi  mm*  up*  **►  '***$»  ^ 

caused  the  laser  light  to  scatter,  m  vw  earn*  •  jwiwwm  »*>*»««  >■» -m* ****** 
reflector  (Labsphere,  Inc.,  North  Sutton  *«•*»  *«e*ne* hhhm  «**-  ~m**  *«•*•..  *•. 
center  of  the  box.  The  laser  beam  §*m*ms  is*  «*»  m  *  m  mm, 
the  sample's  normal.  A  portion  ol  the  fethaiwa  *****  ftte'HM't  *-*<*♦• •».  •*»***■** ''■St- 

the  pnotometer.  For  alignment  purpose*  *  tsi<r  «*»  k  »H  1(S 

beam  could  exit  when  no  sample  was  H*  $)NC H**  #♦***  ~  >*»t 

inner  wall,  were  inserted  through  \tm  tmetf  *m*m  »*  'he  w«-  ♦»•**» -i**  <•»*■■■.« 
beam  entered  and  exited  the  bo*  A4grm«nT  *r  n»  «•*»  im..*** 

laser  beam  was  adjusted  until  it  appeared  *#  sw  >«hw«n  wnw.  *.«*•„...*  *. 
the  tubes.  Figure  4  illustrates  the  Came  weue  *r  rv»  .ww*  «•* 

The  photometer,  filter  wheel  assemexy  end  %.*** 

several  capabilities:  (1)  the  at>Wy  to  tcnmaiw  *«  «pn«  fPMW*  *•*-*,  ej|eae^.:*-,vj . 
the  ability  to  focus  the  beam,  p)  the  ac»#h#  «  ew*«w»  <•  « 

eliminate  most  sources  of  stray  ight.  end  ts*  et%  ♦. 
neutral  density  filters  in  the  optical  tram  «nw  in*  up*  <***  «»«  -1^-^-  .  . 
axis.  Figure  5  provides  a  ray  digram  a#  **•  ~re  *w  «m» 
housing  (Products  tor  Research,  me  Our**r%  m rnm*m*m*  * 
radiofrequency  shielding,  a  double  wuxtew  an#  *  #*>  .«*****,  — ^ 

reduction  of  dark  current. 


The  PMT  was  connected  to  a  phase  toe*  -*»  ^ 

was  used  to  obtain  data  over  a  s»  o*rSmr  0  *wer*«%  «&+**-<*■ 

orders  of  magnitude  were  obtained  b»  arhw*,*»r*i  t*.  ^  *  **,  .* 

with  a  National  Institute  of  Science  and  *#gjN*«iiwaa  •<■«•*«***»  -mn  ^  , 

density  filter.  Consequently,  even  the  wees  *arm»  «w«  •*. 

limitation  and  within  the  linear  range  !*hw 
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Figure  10.  Ratio  of  the  experimental  transmittance  to  the  theoretical  transmittance 
versus  the  prism  rotation  angle. 


3.2  EXPERIMENTAL  ERROR 

3.2.1  Measurement  Error 

There  were  several  sources  of  measurement  and  random  error  present  throughout  the 
experiment.  These  errors  include  nonlinearity  in  the  phase  lock  amplifier,  noise  from 
the  photomultiplier,  stray  light  in  the  optical  train,  variation  in  the  lock-in  amplifier 
reading,  and  drift  in  laser  power.  No  attempt  was  made  to  control  the  laser  power. 

3.2.2  Systematic  Error 

Data  collected  around  the  0-,  90-,  180-,  and  270-deg  angles  indicated  significant 
systematic  errors.  The  major  errors  include  drift  in  the  laser  signal  from  the  beginning 
to  the  end  of  the  data  run  and  slight  alignment  errors  in  the  prisms.  The  drift  was 
noticed  in  the  signal  from  the  beginning  to  the  end  of  the  data  runs.  In  addition,  the 
equipment  was  left  for  several  30-min  intervals  without  altering  the  equipment  setting 
and  experimental  data  did  change  slightly  with  time.  Alignment  errors  are  noticed  in 
the  lack  of  perfect  symmetry  in  data  around  the  0-  and  360-deg  points.  In  addition, 
there  was  a  small  double  hump  pattern  around  the  90-  and  270-deg  points.  Additional 
systematic  errors  would  include  the  temperature  change  in  the  room  affecting  the  laser 
detector  or  the  electronics  and  small  inaccuracies  in  the  mechanized  center  stage. 
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4.0  CONCLUSIONS 


The  three-stage  polarizer  attenuator,  with  the  advanced  Glan-Thompson  optical 
prisms,  the  extremely  precise  automated  stages,  and  an  experimental  setup  which 
allowed  accurate  measurements  of  high  extinction  ratios,  was  capable  of  providing 
attenuation  of  a  laser  beam  for  nine  orders  of  magnitude  with  uncertainties  of  1  to  2 
percent.  This  attenuator  was  useful  in  providing  practical  accuracies  of  a  few  percent 
over  a  wide  dynamic  range  with  a  simple  technique.  The  data  were  symmetric 
throughout  all  four  quadrants.  The  attenuator  can  be  used  to  calibrate  neutral  density 
filters  over  a  wavelength  range  from  350  to  2500  nm  and  over  an  optical  density  range 
of  nine  orders  of  magnitude.  These  results  were  obtained  with  laser  sources  only,  and 
no  corrections  were  made  for  drift  in  the  laser  power  or  signal  processing. 
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APPENDIX  B 
REDUCED  DATA 
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TRANSMITTANCE 
COS4  6 


88.50 


8.70E-07 


4.70E-07 


EXPERIMENTAL 

VALUE 


2.62E00  ±  0.01 


±  0.01  E-06 


1.26E-06  ±  0.01  E-07 


NORMALIZED 

EXPERIMENTAL 

VALUE 


0.95E00 


0.94E00 


8.35E-07 


4.54E-07 


TRANSMITTANCE 
COS4  0 


2.26E-07 


89 

.00 

89 

.25 

89 

89 

.60 

89 

.70 

89 

.75 

89 

.80 

1  89.90 

89 

.95 

89 

.96 

89 

.97 

89 

.98 

|  89.99 

90 

.00 

90 

.01 

90 

.02 

90 

.03 

90 

04 

05 

10 

20 

90 

25 

90 

30 

90 

40 

90 

50 

90 

75 

7.52E-10 


3.62E-10 


1.48E-10 


9.28E-12 


5.80E-13 


2.38E-13 


7.52E-t4 


1.48E-14 


9.28E-16 


9.28E-16 


1.48E-14 


7.52E-14 


2.38E-13 


5.80E-13 


9.28E-12 


1.48E-10 


3.62E-10 


7.52E-10 


2.38E-09 


5.80E-09 


2.94E-08 


EXPERIMENTAL 

VALUE 


6.06E-07  ±  0.04E-07 


2.50E-07  ±  0.03E-07 


7.98E-08  ±  0.14E-08 


1 .65E-08  ±  0.06E-08 


7.04E-09  ±  0.02E-09 


2.75E-09  ±  0.02E-09 


1.70E-09  ±  0.03E-09 


8.06E-10  ±  0.03E-10 


7.70E-10  ±  0.01  E-10 


7.65E-10  ±  0.01E-10 


7.59E-10±  0.01  E-10 


7.62E-10  ±  0.01E-10 


7.73E-10±  0.01  E-10 


7.60E-10  ±  0.45E-10 


7.70E-10  ±  0.01E-10 


7.65E-10  ±  0.01E-10 


7.65E-101 0.01  E-10 


7.62E-10  ±  0.01E-10 


7.56E-101  0.01  E-10 


7.89E-10±  0.01  E-10 


±  0.01  E-08 


7.84E-08  ±  0.05E-08 


NORMALIZED 

EXPERIMENTAL 

VALUE 


2.18E-07 


9.00E-08 


2.87E-08 


5.94E-09 


9.90E-10 


6.12E-10 


4.18E-10 


2.90E-10 


2.77E-10 


2.75E-10 


2.73E-10 


2.74E-10 


2.78E-10 


2.74E-10 


2.77E-10 


2.75E-10 


2.75E-10 


2.74E-10 


2.72E-10 


2.84E-10 


4.21  E-10 


6.19E-10 


9.86E-10 


2.56E-09 


5.87E-09 


2.82E-08 


33 


TRANSMITTANCE 
COS4  0 


EXPERIMENTAL 

VALUE 


2.49E-07  ±  0.02E-07 


0.03E-07 


NORMALIZED 

EXPERIMENTAL 

VALUE 


8.96E-08 


2.19E-07 


4.57E-07 


8.50E-07 
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